Background: Carpal tunnel syndrome (CTS) is a common work-related peripheral neuropathy. In addition to grip force and repetitive hand exertions, wrist posture (hyperextension and hyperflexion) may be a risk factor for CTS among workers. However, findings of studies evaluating the relationship between wrist posture and CTS are inconsistent. The purpose of this paper was to conduct a meta-analysis of existing studies to evaluate the evidence of the relationship between wrist posture at work and risk of CTS. Methods: PubMed and Google Scholar were searched to identify relevant studies published between 1980 and 2012. The following search terms were used: "work related", "carpal tunnel syndrome", "wrist posture", and "epidemiology". The studies defined wrist posture as the deviation of the wrist in extension or flexion from a neutral wrist posture. Relative risk (RR) of individual studies for postural risk was pooled to evaluate the overall risk of wrist posture on CTS. Results: Nine studies met the inclusion criteria. All were cross-sectional or caseecontrol designs and relied on self-report or observer's estimates for wrist posture assessment. The pooled RR of work-related CTS increased with increasing hours of exposure to wrist deviation or extension/flexion [RR ¼ 2.01; 95% confidence interval (CI): 1.646e2.43; p < 0.01: Shore-adjusted 95% CI: 1.32e2.97]. Conclusion: We found evidence that prolonged exposure to non-neutral wrist postures is associated with a twofold increased risk for CTS compared with low hours of exposure to non-neutral wrist postures. Workplace interventions to prevent CTS should incorporate training and engineering interventions that reduce sustained non-neutral wrist postures.
Introduction
Carpal tunnel syndrome (CTS) is the most common form of work-related peripheral neuropathy among blue-collar workers who perform hand-intensive tasks [1e4] . In addition to grip force and hand repetition, wrist posture (sustained or repeated extension or flexion) may lead to an increased risk of CTS among workers [5, 6] . However, the findings of previous studies evaluating the relationship between wrist posture and CTS are inconsistent. Silverstein et al [7] found that working with an awkward wrist posture is not a significant predictor of CTS, whereas Viikari-Juntura and Silverstein [8] reported a significant association between risk of CTS and awkward wrist posture.
Distal upper-extremity musculoskeletal injuries among workers are an important cause of work-related disability, cost, and reduced productivity. Common distal upper extremity injuries are medial/ lateral epicondylitis (elbow), wrist tendonitis, and CTS. The CTS affects approximately 5 million workers in the United States [9] and the cost of medical care has been estimated to be over $2 billion annually [10] . In addition, these disorders impact the quality of workers' lives and may lead to job change [11] .
The CTS occurs when the median nerve is compressed within the tight space of the carpal tunnel. Forceful hand-intensive work can lead to elevated pressures within the carpal tunnel and persistent tissue edema and nerve compression [6] . Keir et al [12, 13] reported that the median nerve can be damaged due to high pressure on the carpal tunnel from extreme wrist extension or flexion. This physiological evidence supports a hypothesis that sustained awkward wrist postures may lead to CTS among workers. However, according to a 1997 National Institute of Occupational Science and Health (NIOSH) review, there was insufficient evidence to link sustained wrist deviation to CTS incidence [14] .
The present meta-analysis reviews evidence of an association between CTS and wrist posture in epidemiologic studies. The main question addressed was whether or not there are consistent associations between CTS incidence and prolonged exposure to nonneutral wrist extension or flexion among workers.
Materials and methods

Search
For this meta-analysis, a systematic search was conducted using PubMed and Google Scholar for studies published from 1980 to 2011. The keywords of the search included "work related", "carpal tunnel syndrome", "wrist posture", and "epidemiology".
Inclusion and exclusion criteria
The following inclusion and exclusion criteria were used. Papers were published in English. Only epidemiological studies that used caseecontrol, cohort, and cross-sectional designs were included; anecdotes or case series were excluded. Studies of office workers were excluded because their risks factors, sustained awkward postures, and contact stress, are substantially different from industrial work. Studies were excluded if they did not report the size of difference between the groups (effect size) with its 95% confidence interval (CI) and odds ratio (OR) or relative risk (RR) adjusted to age and gender. Studies were excluded if they did not report a quantitative or semiquantitative measure of exposure of wrist angle. A summary of inclusion and exclusion criteria is provided in Table 1 . Nine studies met the inclusion criteria based on study design and exposure measurement methods.
Definition of outcome and exposure
A typical CTS case definition included: (1) the presence of paresthesia (numbness, tingling, burning, or pain) in the fingers of the median nerve distribution in the hand (one or more of the thumb, index, or middle finger) and (2) abnormal median nerve conduction test result consistent with CTS [15] . Some studies used both symptoms and abnormal nerve conduction tests to diagnose CTS, but two studies used just symptoms consistent with CTS.
The exposure variable of the reviewed studies was wrist deviation in extension or flexion from a neutral wrist posture or duration of time at work with the wrist in a non-neutral posture. Wrist posture was estimated by: (1) direct observation of workers performing their usual work; (2) direct measurement from videos of the workers performing their usual work; (3) worker self-report of wrist angle and time or frequency in non-neutral wrist postures; or (4) use of job title surrogate to infer the wrist posture.
Statistical analysis
This study pooled RR values between the reference groups and the highest exposure group of each study. Measures of effect (OR and RR), the 95% CI values, and sample size were summarized in tables. The summary effects of specific exposure risks were calculated using STATA, version 12 (StataCorp, College Station, TX, USA). A fixed-effects model was applied after a test for heterogeneity quantified by the Chi-square value and degree of freedom. Publication bias analysis was conducted using funnel plot and Egger test.
Results
The nine studies that met the inclusion criteria are summarized in Table 2 . Six were cross-sectional and three were caseecontrol study designs. The exposure assessment methods of wrist posture included direct observation, measurement from video of the job, job title surrogate, and self-reported (Table 3 ). The definition of the exposure groups varied between studies [16e18]. Five studies defined the exposure groups based on estimated specific wrist extension or flexion angles [16,17,19e21] . Two studies also defined the exposure groups based on working for a prolonged period with non-neutral posture [16, 22] . The pooled RR from nine studies demonstrated positive associations of increased RR of CTS with increased exposure to wrist extension/flexion [ Fig. 1 ; RR ¼ 2.01 (1.66e2.43)].
Selection bias
There were twice as many cross-sectional studies as casee control studies, and no cohort studies were identified. For the six cross-sectional studies, the pooled RR was 1.87 (1.50e2.32) ( Table 4 ). For the three caseecontrol studies, the pooled RR was 2.38 (1.63e3.48) ( Table 4) .
Information bias
Information bias was evaluated and may be influenced by exposure assessment methods. The pooled RRs for studies with common exposure assessment methods were: (1) 
Confounding bias
None of the studies separately evaluated the relationships between exposure to wrist posture and exposures to other biomechanical factors such as applied hand force or repetition rate. Therefore, confounding bias may exist. That is, RR will be increased if expose to non-neutral wrist postures occurred with forceful or highly repetitive work or RR may decrease in the opposite situation.
There was no way to estimate whether an important confounding factor was present or not.
Consistency of findings
The heterogeneity test result of nine studies showed c 2 ¼ 37.06
However, all studies demonstrated a positive association between CTS and increased exposure to non-neutral wrist posture. The pooled RR of the random effects model is 3.13 (95% CI: 1.84e 5.33; Shore-adjusted 95% CI: 1.32e2.97.)
Publication bias
Seven studies are located on the right side of funnel graph and its risk estimations are clustered near the pooled RR estimate. However, only two studies are on the left top side of the funnel plot and smaller size studies with increased risks or reduced risks seem to be missing. The asymmetrical funnel plot indicates a potential publication bias (Fig. 2) [23] and also shows evidence of a small study effect root-mean-square error of 1.62 (p ¼ 0.04; Fig. 3 ).
Discussion
This systematic review has found evidence for an association between non-neutral wrist posture in extension or flexion and work-related CTS. The overall risk of CTS was two times that in workers exposed to non-neutral postures compared with controls.
The level of evidence was tested by examining: (1) the heterogeneity of the identified studies, (2) the pooled RR analysis, (3) the pattern of the forest plot, (4) the shape of the funnel plot for publication bias, and (5) Egger test for small study effects. Overall, the findings were consistent and the effect sizes moderate.
These findings match previous reviews that found more than a twofold increased risk of CTS among workers working under nonneutral wrist posture for prolonged periods during the workday [24e26]. New studies have been published since the NIOSH review in 1997, which, if incorporated into a repeated review process today, would likely change the conclusions on the NIOSH review to a positive association with wrist posture.
Several limitations to the review should be noted. None of the studies reviewed were prospective in design. In four studies, exposure assessment was based on worker recollection of wrist posture, and therefore, there may be a recall bias. Subgroup analysis of self-reported studies showed higher RR than the pooled study or observational studies' RR. Exposure recall bias is likely to bias the findings away from the null because cases may have formed opinions about wrist posture and their CTS. However, a review Fig. 2 . A funnel plot of log risk ratio (RR) of the incidence in the studies of carpal tunnel syndrome among workers is used for explorative tool to inspect publication bias. The plot shows treatment effects versus the study size that is estimated from standard error (s.e.) of log(RR). Open circles indicate individual studies in this metaanalysis. The broken line is pseudo 95% confidence interval of measure of effect in the study. The asymmetrical plot indicates smaller studies with stronger effects missing. RR, relative risk. [20] and English et al [18] identified CTS cases from the Occupational Safety and Health Administration (OSHA) log whereas other studies used the case definition of an abnormal electrophysiology test and symptoms in the median nerve distribution. It is possible that the use of the OSHA log would lead to more case than expected due to overdiagnosis. As it was described in the including criteria, the CTS case was defined by different methods through the identified studies. Using unified CTS case definition significantly decreases the number of possible papers to review. Therefore, papers that applied the generally accepted CTS case diagnosis method were pooled for the meta-analysis. However, only one study used median nerve symptoms as a case definition in our meta-analysis. Other studies used median nerve symptoms, nerve conduction test, and physical test as its case definition criteria. Therefore, effect of case misclassification bias must be subtle in this meta-analysis. The reviewed studies also used different methods for wrist posture assessment and different thresholds for high exposure and low exposure. Among the nine studies, four studies defined the exposed group as "deviated (twisted), extended, or flexed (bended) wrist angle" in categorical format (e.g., Yes and No). Two studies used specific wrist angles to define the exposure groups (for flexion and extension >45 , 15 e45 ; for ulnar deviation >45 ; or for radial deviation >30 ). Two studies defined the exposure groups based on the self-reported time spent performing work with the wrist in extension or flexion. Another limitation may be the effect of confounding exposure factors. In at least one study [21] , nonneutral wrist posture was combined with forceful work in the highexposure group; therefore, wrist posture was not examined as an independent variable. It is not clear how exposure misclassification differed between methods, but it is likely that misclassification was not systematic and would, therefore, bias toward the null.
Overall, the studies reviewed provide evidence of an association between non-neutral wrist posture in extension/flexion and CTS. Future studies should evaluate this risk using prospective study designs with exposure estimates at the individual level considering both posture deviation from neutral and duration of non-neutral posture over the workday. To reduce the risk for CTS among workers who perform hand-intensive tasks, employers should consider job and tool modifications and employee education that reduce the duration of exposure to non-neutral wrist postures.
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